ABSTRACT Ultrasonic tissue characterization is a new area of investigation in the field of cardiac ultrasound. The amplitude and frequency of the ultrasound signal are normally altered as the signal penetrates through tissue. It is assumed that the amplitude distribution and frequency shift of diseased or edematous tissue are different than those of normal tissue. A statistical approach to the analysis of the unprocessed radiofrequency signal in the amplitude domain was used to study the effect of acute myocardial ischemia on the parameter mean amplitude/standard deviation of the amplitude (MSR). Ten dogs were anesthetized and underwent left lateral thoracotomy. Baseline mean MSR from the interventricular septum was 1.99 + 0.05, but increased by 30 min after coronary artery occlusion and started to plateau at 1 hr (mean 2.24 + 0.06). Reproducibility in noninfarcted myocardium (left ventricular inferoposterior wall) was good, with a mean MSR of 2.00 + 0.05 at baseline and 1.98 0.04 3 to 4 hr later. There was no difference in mean MSR when data were obtained through chest wall and when they were obtained directly from the surface of the heart. We conclude that statistical analysis in the amplitude domain of the unprocessed radiofrequency signal can detect acute myocardial ischemia within 30 min after coronary artery occlusion, provides reproducible measurements, and is unaffected by chest wall filtering. Circulation 72, No. 1, 193-199, 1985. DETECTION OF early acute myocardial ischemia in man is currently suboptimal. The electrocardiogram may not always reveal acute ischemia because it may demonstrate only nonspecific changes. The technetium pyrophosphate scintigram usually requires a delay of 24 hr before it can be interpreted as positive for myocardial injury. The information obtained from serum creatine kinase-MB levels is also delayed. A history of angina pectoris may be the only evidence of ongoing myocardial infarction in these patients. It would be highly desirable to have a noninvasive tool available for diagnosis and localization of early acute myocardial injury.
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Echocardiography has traditionally been used as an imaging device. Recent work by several investigators suggests that interactions between the ultrasound energy and tissue can be analyzed to characterize the histologic state of tissue, both in vitro1' 2 and in vivo.36 However, several quite different approaches to ultrasonic tissue characterization have been pursued. Miller, Mimbs, and Cohen and their colleagues 2, 4 have measured quantitated integrated backscatter from the unprocessed radiofrequency (rf) signal. In vivo, lack of an absolute calibration standard and the presence of the chest wall, with its variable acoustic characteristics, have been problems. Skorton et al. 3 ' have analyzed the rf signal after it has been processed and displayed on the traditional image, applying various texture algorithms to extract information about the tissue. The potential disadvantage of image analysis is its dependence on the transducer and machine used to collect and process data and on the position of the region of interest within the scan field.7 We have previously worked with a statistical approach to the study of the unprocessed rf signal8 in which we analyzed the amplitude domain.9"10 We have shown that the measured parameter is independent of the measurement site when tested in a tissue-mimicking phantom. In the phantom there was no statistically significant difference in the parameter mean amplitude/standard deviation of the amplitude (MSR) whether it was sampled at a depth of 1 to 2, 5 to 6, or 9 to 10 cm.9 This approach is unaffected by time-gain compensation (mean amplitude) over the range of 16% to 50% of the full scale of the A/D converter. 9 Using ultrasonic tissue characterization, Cohen et al. 4 14 Each scan line contained 1000 data points corresponding to 4 cm. The data were stored on a nine-track magnetic tape and later transferred to a Hewlett-Packard HPIOOO F-series minicomputer for processing. For the last two animal experiments in this series we used a different acquisition system. This system consisted of a Hewlett-Packard A-series computer with a HewlettPackard model 5180 waveform recorder. The signal was digitized at 20 MHz and stored on the computer's disk.
Data analysis. The unprocessed rf signal was displayed as amplitude vs tissue depth (figure 1). The operator selected the depth corresponding to the anatomic region of interest. The computer derived a histogram (figure 1) representing the number of occurrences of rectified peak amplitudes of the digitized signal on the y axis and the amplitudes on the x axis. In each window of interest, the amplitude of the peaks of the rectified signal were calculated. The ratio of the mean to the standard deviation of these amplitudes was described by the MSR value. Considerable care was taken in the setting of the data window within the rf tracing. The window width was kept constant at approximately half a centimeter and adjusted as needed in the middle of the myocardial wall to avoid high-amplitude endocardial or epicardial reflections. In a tissue-mimicking phantom and in human blood we have previously shown that gate size does not significantly alter MSR if kept at 0.5 to 1 cm.9 To assess problems with improper gate settings, the window was automatically shifted 15 points (1.2 mm) to each side of the original position to ensure that specular interfaces were not included in the window. If the MSR changed more than 3% as the window shifted, the primary window was moved, if possible, to find an area that did not show this change. If such a window could not be found, then the rf was rejected.
Animal preparation. Ten mongrel dogs were sedated with morphine sulphate (2 mg/kg, im) and anesthetized with intravenous chloralose (85 mg/kg) and urethane (625 mg/kg). Ventilation was provided by a Harvard pump, which delivered room air through a cuffed endotracheal tube. Depth and rate of respiration were adjusted to maintain arterial pH between 7.35 and 7.45, Po2 between 80 and 110 mm Hg, and Pco2 between 35 and 45 mm Hg. A large-bore catheter was inserted into the left femoral artery of each dog to monitor the systemic arterial pressure with a Statham P23Db transducer. A second catheter was placed in the right femoral vein for administration of additional anesthetic agent, which was given to maintain deep anesthesia throughout the experiment. The right jugular vein was catheterized for infusion of antiarrhythmic drug. The chest of each dog was opened by means of a left lateral thoracotomy and the heart was exposed and supported in a pericardial sling. A bipolar pacemaker electrode was attached to the right ventricle.
Ventricular pacing rate was maintained at 150 beats/min with one channel of a WPI 800 series stimulator.
The left anterior descending coronary artery (LAD) was dissected free and a snare was placed around the artery at the level of the mid-LAD (beyond the first large diagonal branch occlusion of the artery, 16.7 gg/kg/min diltiazem was infused for 30 min as antifibrillatory drug therapy (total dose of diltiazem, 0.5 mg/kg). At the completion of this infusion the artery was tied off to create an infarct in the LAD distribution. Open-chest measurements. The dog was placed supine on its right side in a specially constructed wooden cradle. Openchest measurements were obtained by placing the transducer directly on the interventricular sulcus angling steeply toward the left ventricular apex. The transducer was hand held and a very light pressure was applied on the heart to ensure contact between the transducer and the beating heart. No gel or stand-off device was used. An image from the parastemal short-axis view was obtained at the level of the papillary muscles.
Radiofrequency data were collected in all 10 dogs from the midinterventricular septum and left ventricular inferoposterior wall before occlusion of the coronary artery. After occlusion, data were sampled from the septum at 30 and 60 min after occlusion and then hourly for 4 hr. Data from the left ventricular inferoposterior wall were again obtained at 4 hr. Although there was no absolute way to determine that data were being sampled from the same area before and after occlusion, the level of the papillary muscles was imaged similarly at all times and a conscientious effort was made to sample rf from the same area throughout the study.
Closed-chest measurements. The closed-chest measurements were obtained with the animal in the same position as described for the open-chest measurements. Data were collected with the transducer placed under the wooden cradle in a specially built opening to allow images to be obtained from underneath the dog. The ultrasound beam then passed through the right chest wall, right ventricle, and finally the left ventricle. A short-axis parasternal view was obtained at the level of the papillary muscles. Radiofrequency data from the midinterventricular septum were obtained through the right chest wall at the same time intervals as for the open-chest measurements.
Histology. A biopsy sample was obtained from the infarcted area at the time each dog was killed. To ensure that samples were from the area of ultrasonic sampling, a long needle was passed through the interventricular sulcus and into the midseptum along the direction of the ultrasound beam. Tissue was analyzed by light and electron microscopy to allow examination of the ultrastructure of the tissue after occlusion that reflected the change observed in the ultrasonic parameter.
Statistical analysis. The 
Results
MSR as a function of time after occlusion of the LAD in 10 dogs is illustrated in figure 2 . The data used in the following analyses are listed in table 1. All MSRs are mean + SD. A two-factor analysis of variance was done with one factor being the measurement of the interventricular septum in a closed or open position and the other time after occlusion. vidual measurements of MSR. First, the myocardium sampled may not have been homogeneously ischemic from epicardium to endocardium and this may be a patchy process. Second, there is most likely a degree of variation inherent in the method itself. Third, our method is extremely sensitive to any inclusion of highamplitude signals in analysis of the window of interest, since such a specular reflector immediately will markedly increase the standard deviation of amplitudes and thereby decrease the MSR. Nevertheless, in contrast to that of Cohen et al.7, our method of analysis was independent of acoustic filtering by the chest wall and did not require any external or internal calibration such as that reported by Cohen and by Rasmussen et al.`2 This is a very important feature since the method therefore becomes potentially applicable in humans. Our amplitude analysis showed excellent reproducibility over time in nonischemic myocardium when tested in the left ventricular inferoposterior myocardium.
The explanation for the altered rf signal in early ischemia, as reflected in the MSR, is not entirely clear. Our MSR parameter did not increase as a matter of increased echogenicity alone (higher mean amplitude) 198 since we also registered a decrease in the standard deviation of the amplitude. The electron microscopic analysis suggests there are changes in tissue structures at the subcellular level and this may alter scattering properties. Although we have not proven that the changes seen on the electron microscopic slides can account for the observed changes in MSR, it is important to know there are changes in the tissue at this early point in time after coronary occlusion. Myocardial cells or bundles of cells can be looked upon as individual scatterers, and as found by others using erythrocytes,5 when the density of scatterers changes, the backscatter may change. Despite the uncertainty about why the MSR measurement changes with acute myocardial ischemia, we believe the results reported here.
obtained with this statistical approach to the study of unprocessed rf data analysis and ultrasonic tissue characterization, are encouraging and warrant further work to better understand and utilize the technique.
